A new configuration of a resonant full-bridge flying capacitor multicell inverter has been designed and constructed with the aim of achieving an extended output voltage frequency range with low harmonic distortion and reduced semiconductor commutation losses. This configuration was tested as a power supply for two different coaxial dielectric barrier discharge reactors, one of them employed for electric characterization and the other one for inorganic compound elimination in an aqueous solution. Two different gas mixtures, 90% Ar-10% O 2 and 80% Ar-20% O 2 , were individually supplied during the experiments; the results showed a highefficiency removal of meta-cresol (m-cresol) to the order of 98%, which was obtained by adding more oxygen to the plasma gas mixture.
Introduction
An atmospheric-pressure dielectric barrier discharge (AP-DBD) can be generated by injecting into the reactor gap a working gas such as helium, argon, nitrogen, oxygen, air, etc or a mixture of them, while at least two electrodes are energized by an electric power supply such as DC pulsed or AC, where the excitation frequency can range from line frequency [1] to high frequency [2] . The required voltage ranges, from a few kilovolts [3, 4] to dozens of kilovolts [5, 6] , should establish an intense electric field across the gap sufficient to overcome the dielectric breakdown voltage of the applied gas, promoting ionization phenomena of some gas particles and, as a consequence, producing an atmospheric-pressure nonthermal plasma. It is out of thermodynamic equilibrium because the electron temperature is higher than the temperature of the ions or the neutral species.
It should be noted that, even in an apparently stable AP-DBD, there exists a significant production of microdischarges due to the non-uniform dielectric surface, which contributes to establishing a more intense electric field at some points, where the ionization and movement of electric charges produce electric current channels, that later will be extinguished due to charge accumulation on the dielectric surface. These current paths are the so-called microdischarges, which result in many overshoots on the discharge current signal. Once the first microdischarges are ended, the electric field becomes more intense in new areas, different from the initial ones, producing microdischarges in new locations. Thus, the AP-DBD is a non-uniform predominantly capacitive discharge that varies as a function of the nature of the applied gas, gas flow and pressure, applied voltage, dielectric material, gap distance, etc. The AP-DBD functions like a chemical species generator and has extensive applications in chemical [7] , environmental [8] , food [9, 10] , materials [11] and medical sciences [12] [13] [14] .
Ideally, the electric power supplies for non-thermal plasma generation must provide a high efficiency of energy transfer to the discharge and the ability to control the plasma parameters according to the process requirements, besides having a low power consumption, simple operation, and being reliable and secure. Different power supply systems for AP-DBD reactors have been designed and built to meet the above requirements [15, 16] . Nowadays, the multilevel converter topologies have been seen to enlarge their applications considerably as a result of many types of research and technical development contributions that have been improved over more than 30 years since the publication by Nabae et al [17] . These technologies fulfill several technical requirements with higher electric power regulation restrictions and power capability than conventional converters structures [18] [19] [20] .
The different category of multilevel converter structures, the flying capacitor multicell inverters (FCMIs) initially proposed by Meynard and Foch [21] , have been successfully applied during the last two decades in highpower high-efficiency converters [22] . The application herein proposed concerns the generation of electric discharges in gases, where one of the main elements is the reactor; in some cases, the electric discharge reactor configuration involves a capacitive structure defined by the electrode arrangement. Specifically, when one of the electrodes is covered by a dielectric material such as quartz, ceramic, glass etc, there exists a dielectric barrier and a gap between the two electrodes; as a result, when they are energized by a voltage inverter providing an AC voltage the electric current at the output converter becomes highly nonlinear when the gas breakdown voltage inside the reactor gap is surpassed, producing an AP-DBD.
In this work, an environmental application is proposed for the AP-DBD by using an FCMI configuration as an alternative electric power supply in the generation of such discharges, aiming to achieve an extended output voltage frequency range from 10 to 50 kHz with low distortion and reduced semiconductor commutation losses. It can provide a high-efficiency organic compound degradation from water, since the system working under quasi-resonant load conditions demands a low electric power consumption.
Description of the multicell inverter topology
To increase both excitation frequency and electric power in the AP-DBD reactors, a novel electric power supply was constructed based on a resonant full-bridge flying capacitor multicell inverter (FB-FCMI), as shown in figure 1 .
The proposed structure is mainly composed by an adjustable full-bridge AC/DC input voltage source, herein simply represented by an adjustable DC input source V DC . The imposed voltage level from V DC establishes the applied power to the load. A full-bridge three-cell flying capacitor voltage inverter comprises two power semiconductor legs, each one with three switching cells (SCs) and p=3 representing the number of SCs in one leg. Each of the SCs is constituted by a two-port circuit, where the upper side is constituted by a power MOSFET and an antiparallel diode, whereas the lower side is defined by the same arrangement except for the fact that its connection is established in the opposite sense of the current flow. These devices are linked to two voltage sources constituted using two flying capacitors, while the first cell of the converter is connected between a flying capacitor and the load. For a proper switching cell functioning, it is mandatory that at any time at least one MOSFET must be under conduction. Moreover, to avoid a short circuit of two adjacent flying capacitors, the two MOSFETs of the same switching cell should never be under conduction at the same time.
The power MOSFETs are controlled by a microcontroller (PIC18F452) providing the 12 gate to source voltage signals: υG T1 , υG T2 , υG T3 , υG T1′ , υG T2′ , υG T3′ , υG T4 , υG T5 , υG T6 , υG T4′ , υG T5′ , and υG T6′ , at a switching frequency f sw , which can be user adjusted by an interface switch even under converter operation in a range from 10 to 50 kHz. The pulses are transmitted using a galvanic isolation and restoring voltage pulse circuits making possible the commutation processes of the power MOSFETs. These semiconductors are activated by an easy to implement modulation technique based on a sequence of square pulses as shown in figure 2 . This modulation is effectively accomplished when the three voltage pulse signals of the upper inverter leg, υG T1 , υG T2 , and υG T3 , are activated during a third part of the commutation period (T sw /3), promoting a natural equilibrium of the applied DC voltage across the flying capacitors, and at the same time the output frequency of the inverter is increased to p times the switching frequency f sw , contributing a low commutation frequency and associated reduced commutation losses with respect to other kinds of converter working at a magnitude frequency defined by pf sw .
The voltage pulse signal condition can also be observed for the case of the lower leg inverter, considering that the gate to source voltage signals applied to the switches of the lower leg (υG T4 , υG T5 , υG T6 , υG T4′ , υG T5′ , and υG T6′ ) are complementary to the signals supplied to the upper leg (υG T1 , υG T2 , υG T3 , υG T1′ , υG T2′ , and υG T3′ ); as a result, the voltage generated by the lower inverter leg υ d (t) has voltage levels opposite to those generated at the upper inverter leg υ u (t). Meanwhile, the output voltage inverter υ i (t) is determined as the electrical potential difference between υ u (t) and υ d (t). Moreover, the modulation technique comprises six different commutation states (a to f ), which are depicted by a simplified inverter circuit where the electric current flow has been represented using a thick black line, as can be seen in figure 3 . For instance, the commutation state represented by the letter 'a' is generated by the logic sequence defined as follows:
, and υG T6′ ='1'. The summation of all the voltage sources involved in the circuit is defined as υ i (t), which in this case is equal to V DC /3, considering a desirable voltage distribution across the flying capacitors. The commutation case defined by the letter 'b' produces υ i (t)=−V DC /3, and so on, then the output voltage inverter can be defined as a train voltage pulses of ±V DC /3 at frequency pf sw .
The used electronic measurement instrumentation shown in figure 1 was constituted by a TPS2014B-1 GHz Tektronix oscilloscope coupled to a P6015A Tektronix high-voltage probe measuring υ s (t), a 10× voltage probe for υ i (t), a 2-0.1 W Stangenes 0.1 V A −1 current transformer providing i p (t) and a Pearson Electronic 1.0 V A −1 current transformer for i s (t). In addition, a 10× voltage probe associated with a charge measurement capacitor C m provided a voltage directly linked to the integrated signal of i s (t).
Description of the multicell inverter topology output stage
The output voltage inverter is directly applied to an adjustable inductor L V (35-570 μH) connected in series with the primary winding of a high-voltage step-up transformer (υ s /υ p =k=40). Moreover, the secondary winding of this transformer is connected in parallel to an AP-DBD reactor. The resonant circuit analysis has been developed taking into account the main parameters of this circuit, which are represented in figure 4 . First, the primary winding resistance of the transformer and the output inverter resistance are associated in series, and they can be represented by a resistance R S , which is connected in series with L V and an ideal primary winding transformer. Meanwhile, the ideal secondary winding transformer is associated in parallel with its parasitic capacitance C w and a capacitor corresponding to the capacitance of the AP-DBD reactor, C AP-DBD . Thus, if all the components associated with the secondary winding are translated to the primary circuit, the resulting load connected to the FB-FCMI is a serial RLC load due to the capacitance, and the resistance of the AP-DBD reactor is reflected to the primary winding, where the resonance frequency f r is given by Experimental measurements of the load parameters were made at 10 kHz with an Agilent 4263B LCR meter, where the primary winding inductance of the transformer is equal to 3 μH and its associated parasitic capacitance (C w ) is about 67 pF; also, the measured AP-DBD reactor capacitance was equal to 100 pF. To establish a resonant load functioning condition, the converter structure requires a prior adjustment of the magnitude of L V . The desirable value of L V can be obtained from equation (1) . Considering a resonant load functioning condition, the primary winding transformer current in its phasor form is defined by the parameters of the different electric devices associated with the total circuit impedance and the applied voltage waveform, which in this case is a square pulse train voltage; thus, it can be obtained that
where θ is the angle of phase shift between υ i and i p , C is the parallel association of the AP-DBD reactor capacitance and the primary winding capacitance, L is the series association of the variable inductor L V and the transformer leakage inductance, and R S is determined by the internal resistance of the voltage source inverter and the wiring resistance of the transformer. The load voltage is defined by the product of equation (2) 
Electrical characterization of the multicell inverter
The AP-DBD reactor employed during electrical characterization of the FB-FCMI can be considered as a reactor immersed in water. This consists of a screw-type electrode in stainless steel of 12.5 mm external diameter situated at the center of the axial configuration and covered by a quartz tube of 19 mm inner diameter, with a 1.5 mm thick wall. These elements are encircled by water contained in a Pyrex cylinder of 85 mm inner diameter and 27.5 cm length. This cylinder is enclosed using two SL-Nylamid lids providing exhaust gas and electric terminals. A gas mixture was injected into the gap between the central electrode and the quartz tube generating the plasma while water was in direct contact with a grounded electrode in stainless steel. 300 ml of water was placed in the container and 0.3 l min −1 of argon gas flowed into the quartz tube (see below).
The FB-FCMI works in quasi-resonant condition when the different parameters are fine tuned, where the characteristic applied reactor voltage υ s (t) and resulting in primary winding current i p (t) are shown as the third and first curves respectively in figure 5. It must be noted the square pulse train shape of the inverter output voltage is depicted by the second curve.
As mentioned above, once the variable inductor was adjusted, the FB-FCMI could work under quasi-resonant conditions in a frequency range established from 10 to 50 kHz. For instance, the plasma was generated by injecting coaxial reactor argon gas at 0.3 l min −1 into the water immersed DBD at four different excitation frequencies: 12.5 kHz, 19 kHz, 30.3 kHz and 50 kHz. The voltage applied to the reactor and the resulting electric current for the four different cases are shown in figure 6 . Moreover, the power applied to the AP-DBD reactor was calculated using the figure of voltage υ s (t) and charge q s (t)=∫i s (t)dt by the method of Lissajous [23] . In this work the capacitor applied to integrate the current was 2 μF. The area within the V-Q diagram multiplied by the frequency corresponds to the power dissipated by the discharge. Thus the corresponding V-Q Lissajous plots are shown in figure 7 . Additionally, the photographs for the corresponding generated discharge are shown in figure 8 . The following points can be deduced from the voltage and current waveforms shown in figure 6. (a) It can be seen that at lower frequencies the highest current demand is produced near to the maximum value of the voltage waveform situated at 90°, and as a consequence this waveform experiences a distortion in its magnitude. (b) The power consumed in the discharge is increased as the operation frequency increases. Also, as the frequency increases this electric power demand is produced at a lower angle of the voltage waveform. Thus for an excitation frequency of 50 kHz this angle is less than 45°; this effect is confirmed by the V-Q plots of figure 7 , which tend to shift to the left as the frequency increases. (c) Up to a frequency of 19 kHz, the formation of streamers is evident since the width of the current pulses is less than 100 ns, as has been described before [24] . For an excitation frequency of 30.3 kHz and greater, the width of the respective current pulses is greater than 100 ns, which is indicative of a homogeneous discharge regime [24] [25] [26] [27] [28] .
Taking into account the results obtained from the electrical characterization, the evaluated efficiencies between the generated electric power from the FB-FCMI (υ s (t)i s (t)) and the consumed power at the reactor (P) were respectively 11% at 12.5 kHz, 8% at 19 kHz, 11% at 30.3 kHz, and 15% at 50 kHz. It seems that the higher the frequency, the higher the electric efficiency. Nevertheless, as the frequency increases, it is necessary to apply a higher electric power to maintain a stable discharge.
Degradation of m-cresol
The m-cresol degradation experiments were carried out inside the another non-conventional AP-DBD reactor, as can be seen in figure 9 . It has a coaxial configuration, where its polarized elements are an axial screw-type hollow electrode in stainless steel and a fine copper mesh wrapped around a quartz tube functioning as a solid dielectric material between the two electrodes. The gap or spacing between the crests of the screw-type electrode and the dielectric material was 3.5 mm. 
The effective length of the reactor where the plasma can be generated was 12.5 cm.
Experiments were carried out with 300 ml of a prepared solution consisting of purified water and m-cresol (M Baker) at a concentration of 5×10 −3 mol l −1 . The solution was circulated using a submersible pump from a reservoir placed at the bottom of the reactor. Thus, an amount of this solution was impelled through the axial hollow electrode until it reached the top electrode and started to slide down under gravity on the screw-type surface. The FB-FCMI energized the electrodes, imposing sinusoidal high-voltage signals in the range of 9-12 kV at 11 kHz excitation frequency, and the supplied Ar-O 2 mixture gas at 0.5 l min −1 promoted the generation of non-thermal plasma from the surface of the aqueous solution to the inner surface of the quartz dielectric.
Analyses of the solution were carried out with the gas chromatography-mass spectrometry (GC-MS) analytical method and a capillary column of 30 m. The percentage degradation of m-cresol was calculated as follows:
where A 0 =area under the peak of the signal from the chromatogram for an initial concentration and for an initial time t=0, and A f =area under the peak signal after a time t; in this case, six measurements were made every 10 min from the beginning of the degradation process. Figures 10(a) and (b) depict the compound removal as a function of treatment time and absorbed discharge power for two gas mixtures: 90% Ar-10% O 2 and 80% Ar-20% O 2 respectively. After 60 min of treatment, a temperature increase and a pH decrease of the solution was observed in both cases. The obtained m-cresol degradation efficiency for a gas mixture of 90% Ar-10% O 2 was 97.3%, and in the case of 80% Ar-20% O 2 this efficiency was a little higher, 98.2%. It must be noted that in the last case the solution presented a higher temperature, as well as a lower pH, although the absorbed power was lower. This is an apparent manifestation of the importance of the reactive oxygen species in the organic degradation process. m-cresol has been removed by biological [29] [30] [31] [32] [33] [34] [35] and adsorption [36, 37] methods. These methods exhibit good elimination efficiency at low concentrations of m-cresol; however, it is known that the generation of some by-products can be toxic to bacteria, which may reduce their effectiveness. Meanwhile, advanced oxidation processes (AOPs) are based on the generation of active species called free radicals, such as the hydroxyl radical · OH, with a higher oxidation potential than that of most of the compounds conventionally used [38] [39] [40] ; the · OH radical is a non-selective oxidant and attacks polar molecules of high electron density. In the AOP the generation of · OH is limited by the addition of compounds such as H 2 O 2 , catalysts and Fe
+2
, in contrast, the non-thermal plasma compounds such as H 2 O 2 , O 3 and · OH are generated within the medium, either in the gas or liquid phase, therefore this allows us to increase elimination efficiencies [41] . In this work, a relatively high concentration and volume were treated. However, high elimination efficiencies were obtained (>98%), suggesting that high-frequency non-thermal plasma is a promising alternative in organic compound removal techniques. Figure 11 shows the obtained chromatograms from the degradation of m-cresol for the two gas mixtures (90% Ar-10% O 2 and 80% Ar-20% O 2 ). The outcomes denote that the abundance of generated by-products is larger for the first gas mixture than the second gas mixture. The identified byproducts are listed in table 1. The oxidation of m-cresol by non-thermal plasma involves the generation of various intermediates that can lead to mineralization of m-cresol. In general, the abundance of by-products decreased notably when the proportion of oxygen was increased, as was the case for the compounds referenced as (1), (2), (5) and (6); this could be due to the higher generation of ozone and · OH radicals formed indirectly by ozone dissolution in water.
From table 1, compounds (1) and (2) could be generated by the electrophilic addition of the · OH radical to the aromatic ring of m-cresol. Compounds (3) and (6) were formed in two steps: first, the electrophilic attack of the radical · OH on structure (1) or (2) and subsequently the formation of a substituted benzoquinone by removing water molecules from the structure. Compounds (4) and (5) were generated by a highly probable dehydrogenation of the functional group -CH 3 through the · OH radical to yield aldehyde or carboxylic acid by molecular rearrangement.
Conclusions
The application of an FB-FCMI in the generation of dielectric barrier discharges applied to m-cresol degradation was satisfactory considering that the obtained removal efficiencies were around 98% and the applied electric power in all cases was lower than 65 W. This result was possible since the FB-FCMI supplies a resonant load charge constituted by a variable inductor, a stepup high-voltage transformer and the reactor itself. Moreover, during AP-DBD generation, as the water does not present a uniform layer over the central electrode, this produces load discontinuities that had been concealed by the FB-FCMI due to its capability to provide output electric signals with very low harmonic distortion in an extended frequency range. When the load is fine adjusted to working under resonant conditions, the resonant FB-FCMI is an improved power voltage source that working at a fixed switching frequency provides a higher output frequency as a function of the number of commutation cells. In other words, for the proposed three-cell converter, where the commutation technique is based on square voltage pulses, the frequency provides by the inverter is three times higher than the switching frequency and its zero-voltage commutation condition reduces semiconductor commutation losses. The FB-FCMI structure has been successfully implemented as electric power source for generation of an AP-DBD. 
